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Abstract
To develop a new method for evaluating the intensity of workers’ exposures to toluene alone
or toluene in mixed solvents, regression equations were calculated between the concentrations
of toluene to which workers were exposed and the concentrations of hippuric acid or toluene in
workers’ urine samples taken at the end of their shifts. Thereafter, the discriminant exposure con-
centration of the solvents in air, which was the concentration considered to discriminate exposure
from non-exposure within a fi xed level of error using fi ducial ranges of individual specimens
(DEC-I) or using confi dence ranges of regression equation (DEC-R), was measured by a scale.
The devised equations were applied to calculate DEC-I or DEC-R accurately using the formulas
expressing a regression line and its fi ducial ranges or confi dence ranges. The equations can cal-
culate not only more precise values of DEC-I or DEC-R than can be measured by a scale, but can
also calculate values corresponding to any level of error. Moreover, DEC-I and DEC-R can be defi
ned by the equations. The concentration capable of discriminating TLV (threshold limit value)
exposure from non-TLV exposure was estimated using fi ducial ranges (DTL-I) and then using
confi dence ranges of the regression equation (DTL-R).
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iscriminant exposure concentration (DEC) is 
deﬁ ned as the concentration discriminating 
between exposure and non-exposure of workers,  and 
is calculated using regression lines and their conﬁ -
dence ranges (DEC-R) and/or ﬁ ducial ranges (DEC-I) 
between the exposure concentrations of solvents and 
the concentrations of their biomarkers.
　　The discriminant exposure concentration using 
concentration calculated using regression lines and 
ﬁ ducial ranges of individuals (DEC-I) between the 
concentration of toluene and of urinary hippuric acid 
was ﬁ rst described by Ogata in 1984 [1],  and in a 
subsequent work the DEC-I was applied to the expo-
sure intensity of toluene and the concentrations of 
toluene biomarkers [2].  The discriminant exposure 
concentration calculated using both conﬁ dence ranges 
(DEC-R) and ﬁ ducial ranges (DEC-I) was ﬁ rst 
described by Ogata et al.  in 1986 [3] in a study 
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examining urinary excretions of phenol,  and in a 
later study DEC-I and DEC-R were determined by 
the use of 5 kinds of biomarkers of toluene [4].
　　In the previous reports [1ﾝ4],  regression lines 
used to calculate DEC-I and/or DEC-R were esti-
mated by the least squares methods as described by 
Snedecor [5].
　　With respect to the relation between the concen-
tration of metabolites and the exposure concentration 
of solvents,  there is a tendency indicating the value 
of standard deviation tends to increase with the 
increase in the mean value.  As regards this tendency, 
the DEC-I of toluene exposure was calculated using 
concentrations of urinary hippuric acid [6] by the 
modiﬁ ed group mean method of Weisbrot [7].
　　The indicator DEC-I was applied to the selection 
of available biomarkers in a single exposure of tolu-
ene alone and to the selection of biomarkers in tolu-
ene exposure to mixed solvents composed of toluene, 
xylene and methyl isobutyl ketone in relatively low 
concentration [2].
　　The DEC-R and DEC-I calculated from the 
regression line and its conﬁ dence and ﬁ ducial ranges 
between the concentrations of each solvent and the 
concentrations of its biomarker have been described 
as follows.  The results of estimating suitable bio-
markers of toluene were reported using DEC-I from 
hippuric acid and o-cresol in urine [2] and using 
DEC-I and DEC-R from hippuric acid in urine, 
o-cresol concentrations in urine and toluene concen-
trations in exhaled air,  blood and urine of workers 
[4].  The indicator DEC-I of biomarkers was avail-
able for evaluation of exposure to each solvent using 
urinary excretion in workers co-exposed to mixed 
solutions of toluene,  xylene and methyl isobutyl 
ketone [2].  In addition,  an evaluation of urinary 
phenol phenyl sulfate and glucuronide in the urine of 
workers exposed to phenol using DEC-I and DEC-R 
has been reported [3].
　　To date,  methods in which the DEC-R or DEC-I 
is estimated from the value measured by a scale using 
conﬁ dence or ﬁ ducial lines of a regression equation 
have been used.  However,  the values obtained in this 
way were not accurate.  Therefore,  more precise 
methods for calculating DEC-R and DEC-I are 
needed.
　　In the present study,  a new method using a qua-
dratic equation was devised for calculating the con-
centration of a solvent discriminating exposure from 
non-exposure (DEC-I and /or DEC-R).
　　We also devised a method of estimating the expo-
sure concentration that discriminates between TLV 
exposure and non-TLV exposure based on the conﬁ -
dence interval (DTL-R) or ﬁ ducial intervals (DTL-I) 
of the regression equation.
　　In addition,  the interval between DCE-R and 
DTL-R was determined from the biomarker concen-
trations and taken as the available exposure concen-
tration.
　　The mean concentration of the biomarkers (BT), 
the conﬁ dence range (BTL-R) and the predictive 
range (BTL-I),  corresponding the TLV and of the 
presumed ranges of biological exposure indices (BEI) 
are also described.
Materials and Methods
　　The analytical procedures for workers exposed to 
toluene gas alone were diﬀ erent from those for work-
ers exposed to toluene in mixed solvents.
　　Workers.　 Exposure to toluene alone : During 
the latter half of the work week,  a factory survey 
was carried out on 79 male workers who were 
exposed to 1.5ﾝ50.0 ppm of toluene gas collected by 
personal samplers in a painting factory in Japan. 
They were not equipped with protection masks 
against organic solvents.  To determine the time-
weighted average (TWA) of the vapor concentration 
in the breathing zone,  each worker was equipped 
with a personal sampler Organic Vapor Monitor 
#3500,  3 M (Sumitomo 3 M Ltd.  Tokyo,  Japan) 
from 8 AM.  to the 4 PM.  Monitors were collected 
at 4 PM.  The solvents adsorbed in the activated car-
bon felt of monitors were desorbed by carbon sulﬁ de, 
and the extracts were analyzed by gas chromatogra-
phy coupled with a ﬂ ame ionization detector (GC-FID) 
as described previously [8].
　　Exposure to toluene in solvent mixture : Fourteen 
male workers were exposed to 2.4ﾝ64.2 ppm of tolu-
ene,  0.33ﾝ15.5 ppm of isopropyl alcohol and 9.5ﾝ
106.1 ppm of methyl ethyl ketone.  They were 
equipped with a passive organic vapor monitor 
#3500,  3 M (Sumitomo 3M Ltd.),  from 8 AM to 4 
PM.  The methods used to analyze solvents in the 
monitors were the same as those used for the single 
exposure.
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　　Before the survey,  the employer and then the 
workers were informed that the individual sampler 
would be attached to the collar of workers to survey 
the personal exposure to solvents,  that urine samples 
would be taken to evaluate the amount of solvents 
absorbed in the body.  In the case of publication,  the 
type of work conducted in the shop would be 
described,  but without disclosing the name of the 
shop.  The results for the group of workers would be 
reported,  but those for the individual workers would 
not be disclosed in any published article.  Thereafter, 
workers were given a personal sampler and asked to 
provide a urine specimen.
　　On October 1,  1989,  the Ministry of Labor of 
Japan passed a law making it mandatory for workers 
exposed to speciﬁ ed 8 other organic solvents includ-
ing toluene to undergo periodical monitoring.  The 
biological monitoring of toluene alone in the present 
study was conducted in 1985,  and was performed in 
preparation for large scale biological monitoring.
　　The survey of toluene in mixed solvents was 
also,  conducted in 1992 as part of the biological 
monitoring mandated by the government,  which 
requires employers to report the results of the moni-
toring to both the workers and the chief of the Labor 
Standard Inspection Oﬃ  ce.  The present survey of 
toluene in mixed solvents was carried out under bio-
logical monitoring in Audience of Protection of 
Organic Solvent Poisoning.  Our results of biological 
monitoring of mixed exposure were presented at 
66 th annual meeting of the Japan Association of 
Industrial Health in 1993,  held at Yokohama.
　　The Japan Society for Occupational Health (JSOH) 
proposed its Occupational Exposure Limits (OELs) 
for 50 ppm of toluene in 1994.  The JSOH recom-
mended the OELs as reference value for preventing 
adverse eﬀ ect on workers caused by occupational 
exposure to chemical substances [9].  The OEL 
value is referred to the threshold limit value (TLV) 
recommended by ACGIH in USA [10],  Maximum 
Concentration at Workplace (MAK) recommended by 
German Research Society and various reports on 
biological monitoring.  The proposed OEL value of 
toluene has changed 50 ppm from 100 ppm as 
described in Documentation of the proposed reason 
for provisional OELs,  considering adverse eﬀ ect on 
central nerve system [9].
　　Gas chromatography.　 Exposure to toluene 
alone : The GC apparatus used was a Hitachi Model 
163,  (Hitachi High Technologies,  Tokyo,  Japan) 
equipped with FID and glass column (φ3 mm × L2 m) 
packed with Benton 34 (5ｵ) ＋ DIDP (5ｵ) on 
Shimalite 60ﾝ80 mesh.  The temperature in the oven 
and the injection part were 100 °C and 150 °C, 
respectively.  The rate of supply of N2 as a carrier 
gas was 50 ml/min,  while H2 and air were 0.6 and 
1.5 kg/cm2.  The methods used to analyze the solvents 
were similar to those reported previously [6].
　　Exposure to toluene in solvent mixture : The GC 
apparatus used was a Hewlett Packard 5890 Series 
2 (Agilent Technologies Japan Ltd,  Tokyo,  Japan) 
equipped with FID and wide bore capillary column 
(φ0.53 mm × 30 m) packed with DB wax.  Column 
temperature was set 40 °C for 2 min,  then heated to 
200 °C with rate of 10 °C/min.  Injection temperature 
was 200 °C.  Detector temperature was 250 °C. 
Helium was used as a carrier gas at a ﬂ ow rate of 
1.0 ml/min.  Methods used to analyze the solvents in 
monitor were the similar to those described previ-
ously [4,  6].
　　Urinary analysis.　 Exposure to toluene 
alone : All urine samples from workers were col-
lected at the end of the work shift.  One ml of metha-
nol was added to 1 ml of each urine specimen,  mix-
ture was centrifuged at 2,000 rpm for 5 min and 5 ｻl 
of supernatant obtained used for HPLC.
　　Analyses of urinary hippuric acid were performed 
by HPLC as described in the previous report [4,  6]. 
An HPLC (Hitachi 633,  Hitachi High Technologies) 
equipped with a spectrophotometer measuring the 
absorbance from 200 nm to 320 nm was used.  A 10 ｻ
m column (Sumipax) packed with silica gel having 
dinitrophenyl residue and UV detector at 225 nm 
wave length were used throughout this investigation.
　　A mixed solution of methanol/water/acetic acid 
(80/20/0.2) containing tetra-n-butyl ammonium bro-
mide (0.2ｵw/v) was a favorable mobile phase for the 
separation of hippuric acid.  The ﬂ ow rate was 1.2 ml/
min,  produced pressure was 30 Kg/cm2 and the col-
umn temperature was kept at 25 °C.
　　Exposure to toluene in solvent mixture : All urine 
specimens were collected at the end of shift.  Urinary 
toluene was analyzed by the head space gas method. 
Deionized water (4 ml) was injected and then 1 ml of 
urine was injected into Teﬂ on sealed vials.  Urinary 
solvents were analyzed by the space gas method with 
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FID using a head space sampler.
　　Simultaneous analyses of urinary hippuric acid 
and creatinine were performed by HPLC as 
described in the previous report [8].
　　Statistical analysis.　 The general regression 
analysis was carried out with a Windows version of 
the Statistical Package for Social Science (SPSS), 
11.0 J (SPSS Inc Chicago,  IL,  USA).  The system-
atic calculations of DEC-I,  DER-I,  DTL-I and 
DTR-R were carried out using computer soft-
ware : designed by the authors in C language.
Results
　　The intensity of exposure to toluene,  and 
concentrations of hippuric acid in urine of 
workers.
　　1.  Workers exposed to toluene alone : Table 1 
summarizes the monitored concentrations of exposure 
to toluene and hippuric acid concentrations corrected 
for speciﬁ c gravity in the urine samples collected 
from workers at the end of their shifts.
　　2.  Workers exposed to toluene in mixed sol-
vents : Table 1 also shows the exposure concentra-
tions of toluene and those of toluene and hippuric 
acid in the urine of workers who were exposed to the 
mixture of toluene,  isopropyl alcohol and methyl 
ethyl ketone.
　　Correlation between the concentration of 
toluene in the air and the concentration of its 
biomarkers in the urine of workers exposed to 
solvents.
　　1.  Workers exposed to toluene alone : The results 
of the correlation analyses are shown in Table 1. 
The correlation coeﬃ  cient between the levels of tolu-
ene concentrations in the air and corrected hippuric 
acid concentrations for speciﬁ c gravity of 1.024 in 
the urine at the end of their shift was high at 0.66.
　　2.  Workers exposed to toluene in mixed sol-
vents : Correlation coeﬃ  cient between exposed con-
centrations of toluene and hippuric acid concentra-
tions corrected for creatinine was high at 0.94. 
Correlation coeﬃ  cient between concentrations of tol-
uene in the air and toluene concentrations in urine 
was the highest at 0.95 as shown in Table 1.
　　Regression line,  conﬁ dence bands line of 
population regression line and ﬁ ducial lines of 
individual specimens.　 Table 1 summarizes the 
regression equations of exposure to concentrations of 
toluene and concentrations of toluene biomarkers.
　　Typical results of regression analyses are shown 
in (Fig.  1A,  B and C).  Two kinds of predictive lines 
are used in this study.  ① The conﬁ dence range of 
the regression line (-R) deﬁ ne the region within which 
the population regression line lies at given level of 
error.  ② The ﬁ ducial range of individuals (-I) is gen-
erally used to predict number of new specimens with 
known value of x [5].
　　1.  Workers exposed to toluene alone : The 
regression equation between toluene concentrations 
in air (x,  ppm) and hippuric acid concentrations cor-
rected for speciﬁ c gravity (1.024) in urine (y,  g/l) in 
Fig.  1A was y ＝ 0.262 ＋ 0.021x,  which was almost 
identical to regression equation of y ＝ 0.55 ＋ 0.022x 
as described previously [8].
　　2.  Workers exposed to toluene in mixed sol-
vents : ① The regression equation between toluene 
concentrations in air (x,  ppm) and actual concentra-
tions of toluene in urine (ｻg/g) is y ＝ －6.92 ＋ 2.63x 
(Fig.  1B),  which is almost identical to the regression 
equation y ＝ －1.4 ＋ 2.25x by Ghittori [11].  ② The 
regression equation between toluene concentrations 
in air (x,  ppm) and hippuric acid concentrations in 
urine (y,  g/g.cr.) of workers exposed to toluene in 
mixed solvents was y ＝ 0.30 ＋ 0.025x (Fig.  1C).  The 
regression equation in this study was identical to 
regression equation of y ＝ 0.21 ＋ 0.025x [2] in the 
case of the exposure to toluene in mixed solvents, 
and regression equations of y ＝ 0.36 ＋ 0.021x [8] 
and those of y ＝ 0.23 ＋ 0.023x [3] which were rep-
resenting the exposure to toluene alone.
　　Comparison among the concentrations of biomark-
ers corresponding to 50 ppm (TLV and OEL in 2006) 
of toluene in the present report and those in previous 
reports [8,  11,  12] is given in the discussion.
　　Reverse estimation of the exposed concen-
tration of solvents and ranges from the urine 
samples of workers.　 For reverse estimation,  a 
signiﬁ cant high correlation coeﬃ  cient between con-
centrations of solvent gas and concentrations of uri-
nary excretions is needed.  The calculated regression 
lines and their conﬁ dence and ﬁ ducial lines at the 90
ｵ levels depicted in Fig.  1.
　　① In the case of workers exposed to toluene 
alone :  A typical regression line between concentra-
tions of toluene gas and those of urinary hippuric 
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acid corrected for speciﬁ c gravity is shown in Fig. 
1A.  ② In the case of workers exposed to toluene in 
mixed solvents :  A regression equation between con-
centrations of toluene in air and those of toluene in 
urine (Fig.  1B) and a regression equation between 
concentrations of toluene and those of hippuric acid 
corrected for creatinine (Fig.  1C) are shown.
　　1.  Discriminant concentration in air for exposure 
and non-exposure using ﬁ ducial lines of individual 
specimens and conﬁ dence bands of regression line.
　　In order to determine the intensity of exposure 
from concentrations of biomarkers,  following indica-
tors of DEC-I and DEC-R are required.
　　1) Workers exposed to toluene alone :
　　When calculating with ﬁ ducial limits of individu-
als,  on the regression line and ﬁ ducial lines of indi-
vidual samples,  a straight line parallel to the x axis 
was drawn from the upper ﬁ ducial limit of individual 
samples of the non-exposed level (x ＝ 0) to the lower 
ﬁ ducial line of the individual specimens,  and the con-
centrations of the x axis corresponding to the vertex 
crossing the lower ﬁ ducial line was used as discrimi-
nant exposure concentration (DEC-I) of toluene in air 
for exposure and non-exposure from individual sam-
ples at 5ｵ levels of signiﬁ cance on one-tailed test by 
reference to the individual specimens (Fig.  1A).
　　When calculating with conﬁ dence limits,  the conﬁ -
335Biological Indicators of Solvent ExposureDecember 2006
Table 1　　Correlation coeﬃ  cients and regression equations between toluene concentrations in the breath-zone air of workers and 
urinary biomarker levels.  And the indicators for exposure concentration from biomarker levels including discriminant exposure 
concentration (DEC)
HAUCor.SG : Sin TOLUAct : Mix HAU
Cor.CR : Mix
　Exp-Tol-conc (m ± SD) 12.2 ± 10.9 ppm 33.54 ± 22.53 ppm 33.54 ± 22.53 ppm
　Exc-conc. (m ± SD) 0.522 ± 0.351 (g/l) 81.27 ± 62.20 (µg/l) 1.155 ± 0.610 (g/gCr)
　Cor coef. (r) 0.66 0.95 0.94
　t. test (r) p ＜ 0.01 p ＜ 0.01 p ＜ 0.01
　Reg.equa.  x ＝ ppm 0.262 ＋ 0.0214x －6.92 ＋ 2.63x 0.303 ＋ 0.254x
INDICATOR
From ﬁ ducial lines of individuals (-I)
　DEC-I (ppm) 42.5 (43.1) 28.8 (27.4) 33.2 (33.7)
　DTL-I (ppm) 7.68 (5.86) 22.8 (21.9) 18.7 (15.8)
　DEC-I/TLV 0.85 0.58 0.66
　DTL-I/TLV 0.15 0.46 0.37
From conﬁ dence lines of regression equation (-R)
　DEC-R (ppm) 6.13 (6.67) 11.7 (11.8) 13.2 (13.3)
　DTL-R (ppm) 36.6 (35.6) 42.6 (41.3) 41.8 (39.8)
　DEC-R/TLV 0.12 0.24 0.26
　DTL-R/TLV 0.73 0.85 0.84
　D-DEC-I (ppm) (57.5)
　(DTL-R)-(DEC-R) 30.5 (28.9) 30.9 (29.5) 28.6 (26.5)
　BT 1.32 124.8 1.57
　BTL-R 1.14 109.8 1.44
　BTL-I 0.85 87.2 1.16
The values of indicators in parenthesis were measured levels using the scale in Fig. 1.  HAUCor.SG : Sin,  Hippuric acid concentrations 
corrected for a speciﬁ c gravity of urine (1.024) in the urine of workers exposed to toluene singly.  TOLUAct : Mix,  Actual concentrations 
of toluene in the urine of workers exposed to toluene gas in mixed solvents.  HAUCorr.Cr : Mix,  Hippuric acid concentration corrected for 
creatinine in urine of workers exposed to toluene gas in mixed solvents.  Cor.Coef,  Correlation Coeﬃ  cient,  Reg.equation,  Regression 
equation y=aｾ+bｾx (x ＝ toluene concentration and y ＝ concentration of toluene excretions in urine).
DEC-I and DEC-R,  Discriminant exposure concentration from individual samples and from the regression equation ; DTL-I and DTL-R, 
Lower discriminant value of TLV exposure from individual samples and from the regression equation ; D-DEC-I,  Discriminant 
concentration for DEC-I exposure and non-DEC-I exposure ; BT,  Biomarker level corresponding to TLV of solvent.  Numbers of workers, 
n ＝ 79 in the single-exposure group and n ＝ 14 in the mixed exposure group.  The TLV and OEL of toluene were 50 ppm (2006) as 
adopted and documented by ACGIH during the year 1992-2006,  and proposed by the Japan Society of Occupational Health during the 
year 1994-2006.
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Fig. 1　　Regression lines and conﬁ dence and ﬁ ducial lines between concentrations of toluene in breathing zone air and concentrations 
of corresponding urinary biomarkers of workers exposed to toluene alone or toluene in mixed solvents.  A,  Concentration of toluene in air 
versus concentrations of hippuric acid in urine corrected with a speciﬁ c gravity of urine (1.024).  Workers had a single exposure to toluene. 
The symbol MN is the mean of the normal value from non-exposed persons ; B,  Concentrations of toluene in air versus concentrations of 
toluene in urine.  Workers were exposed to mixed solvents containing toluene ; C,  Concentrations of toluene in air versus concentration 
of hippuric acid in urine corrected for creatinine.  Workers were exposed to mixed solvents containing toluene.
The thick line is a regression line,  the thin dotted lines represent the 90% conﬁ dence range of the regression line and the chain lines 
represent the 90% ﬁ ducial line of individual samples,  respectively.  ① The symbols of DEC-I and DEC-R on the abscissa are the 
discriminant exposure concentrations of exposure from non-exposure using the ﬁ ducial and conﬁ dence lines,  respectively.  ② The 
symbols of DTL-I and DTL-R are the discriminant TLV exposure and non-TLV exposure in the lower TLV concentration from the ﬁ ducial 
and conﬁ dence lines,  respectively.  ③ The symbols of D-DEC-I in Fig. 1B are the discriminant DEC-I exposure and non-DEC-I exposure 
concentrations in the higher DEC level.  ④ The symbols of BT,  BTL-R,  and BTL-I are the concentrations of biomarkers corresponding to 
50 ppm TLV of toluene (ACGIH in 2006) and /or 50 ppm OEU (Occupational exposure unit) of toluene (Japan Association of Industrial 
Health in 2006) in the regression line,  its lower conﬁ dence line and lower ﬁ ducial line,  respectively.  The symbol of BEI in Fig. 1C is the 
biological exposure index of hippuric acid (1.6 g/g creatinine) with notation ; background and nonspeciﬁ c value,  documented by ACGIH 
(American Conference of Governmental Industrial Hygienist) in 2006.
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dence lines were used instead of ﬁ ducial lines.  A 
straight line paralleled to the x axis was also drawn 
from the upper conﬁ dence line of regression equation 
(x ＝ 0) to the lower conﬁ dence line and the concentra-
tion of the x axis corresponding to the vertex cross-
ing the lower conﬁ dence line was used as another dis-
criminant exposure concentration (DEC-R) for expo-
sure or non-exposure by reference to the conﬁ dence 
ranges of the regression line (Fig.  1A).
　　The values of DEC-I and DEC-R between toluene 
and hippuric acid in workers exposed to toluene alone 
were measured by a scale and then computed to be 
42.5 and 6.13 ppm,  respectively (Table 1).
　　2) Workers exposed to toluene in mixed solvents :
　　Measurements of DEC-I and DEC-R were similar 
to those of indicators obtained from the case of expo-
sure to toluene alone as described above.
　　The indicators DEC-I and DEC-R were computed 
from the regression equation and its conﬁ dence and 
ﬁ ducial ranges between concentrations of toluene in 
air and concentrations of toluene in urine (Fig.  1B), 
i.e.,  28.8 ppm for DEC-I and 11.7 ppm for DEC-R 
were obtained (Table 1).
　　The DEC-I and DEC-R are calculated from 
regression line and its ranges between intensity of 
toluene and concentrations of urinary hippuric acid 
corrected by creatinine in workers exposed to tolu-
ene in mixed solvents (Fig.  1C) i.e.,  33.2 ppm of 
DEC-I and 13.2 ppm of DEC-R were obtained (Table 
1).
　　These values of DEC-I and DEC-R in Fig.  1 A, 
B and C were measured by a scale and then com-
puted by the newly devised equations as will be 
described later.
　　2.  Discriminant concentration for TLV exposure 
and non-TLV exposure at a ﬁ xed level of error from 
biological specimens in the lower TLV levels.
　　In order to measure the available concentrations 
of toluene estimated from toluene biomarkers,  TLV 
exposure or non-TLV exposure at x ＝ TLV is 
required beside exposure or non-exposure at x ＝ 0. 
In the case of estimating TLV exposure from concen-
trations of biomarkers,  following indicator is 
required.
　　1) Workers exposed to toluene alone :  When cal-
culating with ﬁ ducial ranges of individuals,  on the 
regression line,  and ﬁ ducial lines of individual speci-
mens between toluene concentration and hippuric acid 
concentration in Fig.  1A,  a straight line paralleled 
to the x axis at TLV was drawn from the lower ﬁ du-
cial limit of individual specimens of the threshold 
limit value (x ＝ TLV) of ACGIH [10] and/or OEL 
of JSOH to the upper ﬁ ducial line,  and the concen-
tration of the x axis corresponding to the vertex 
crossing the upper ﬁ ducial line was used as an indica-
tor,  which is the discriminant solvent concentration 
in air for TLV exposure and non-TLV exposure in 
the lower TLV level (DTL-I) in lower TLV level at 
a 5ｵ level of error in one tail (Fig.  1A).
　　When calculating using conﬁ dence ranges of 
regression equation.  the conﬁ dence lines were used 
instead of ﬁ ducial lines.  A straight line also paral-
leled to the x axis was also drawn from the lower 
conﬁ dence line of the regression equation (x ＝ TLV) 
to the upper conﬁ dence line and x axis corresponding 
to the vertex crossing the upper conﬁ dence line was 
used as another indicator which was considered to 
discriminate between TLV exposure and non-TLV 
exposure in the lower TLV side (DTL-R) by refer-
ring to the ranges of the population regression line. 
The values of the indicators DTL-I and DTL-R were 
calculated to be 7.68 and 36.6 ppm,  respectively.
　　2) Workers exposed to toluene in mixed solvents : 
When calculating with ﬁ ducial ranges of individu-
als : indicator DTL-I was calculated using ﬁ ducial 
lines of the regression equation between the concen-
tration of toluene in air and the concentrations of tol-
uene or hippuric acid in urine (Fig.  1B,  C and Table 
1).
　　When calculating with conﬁ dence ranges of the 
regression equation,  the indicator DTL-R was calcu-
lated using conﬁ dence ranges instead of ﬁ ducial 
ranges used for measurements of DTL-I described 
above (Fig.  1 and Table 1).
　　3.  Available range of exposure concentration esti-
mated from biomarkers.
　　1) Available range of exposure estimated from 
DTL-R and DEC-R : The range of exposure concen-
trations from the level of DTL-R to the lower side of 
DEC-R level (DTL-R minus DEC-R or DTL-R～
DEC-R) indicates the available exposure range, 
which is estimated from biomarker concentrations 
using the conﬁ dence range of the population regres-
sion equation (Fig.  1A B and C).  The range can be 
calculated under the assumption that the level of 
DTL-R is higher than the level of DEC-R (Table 1).
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　　2) Available range of exposure estimated from 
DTL-I and DEC-I : In the present study of hippuric 
acid or toluene concentrations in the urine of work-
ers exposed to toluene (Fig.  1A,  B and C),  the level 
of DTL-I is smaller than that of DEC-I,  therefore 
making it diﬃ  cult to calculate the available range 
from the ﬁ ducial range of individual specimens in this 
study.
　　4.  Discriminant solvent concentration (D-DEC-I) 
for DEC exposure from non-DEC exposure at a ﬁ xed 
level of error from biological specimens in higher 
DEC levels,  including estimation of DECMN-I.
　　The indicator D-DEC-I can be taken as the dis-
criminant concentration for DEC-I exposure and non-
DEC-I exposure at the higher DEC-I side.  The 
upper ﬁ ducial limit of individuals at x ＝ DEC is 
equal to the lower ﬁ ducial limit of x ＝ D-DEC-I.  The 
indicator D-DEC-I is not related to TLV for calcula-
tion and values can be compared with TLV.
　　On the regression line and ﬁ ducial lines of indi-
vidual samples,  a straight line parallel to the x axis 
was drawn from the upper ﬁ ducial limit of individual 
samples of DEC to the lower ﬁ ducial line of the indi-
vidual specimens,  and the concentrations on the x 
axis corresponding to the vertex crossing the lower 
ﬁ ducial line were used as D-DEC-I (Fig.  1B).  The 
value of D-DEC-I using urinary toluene as a bio-
marker (Fig.  1B) was measured to be 57.5 ppm of 
toluene gas.  The symbol xDN is exposure concentra-
tion corresponding to (y) mean of normal value (MN) 
by regression equation.  The DECMN-I is discrimi-
nant concentration for xDN exposure and non-xDN 
exposure. in higher xDN level from biomarkers and 
obtained as x2 value from x1 when x1 is xDN value in 
Fig.  2 (see,  Footnote of Table 2).
　　5.  The ratios of indicators for the threshold limit 
values (2006).
　　DEC-R,  DTL-R and DEC-R～DTL-R were 
divided by the threshold limit value in 2006 and got 
the indicators DTL-I/TLV,  DTL-R/TLV and 
DTL-R～DEC-R/TLV which are listed in Table 1. 
Indicators are useful for biomarkers among solvents 
having diﬀ erent TLV.  The level of TLV of indus-
trial chemicals is checked by committee yearly.
　　Biomarker concentrations corresponding to 
TLV exposure and their ranges.  Concentrations 
of biomarkers on the regression line (y ＝ BT) corre-
sponding TLV (x ＝ TLV) in 2006,  the lower conﬁ -
dence range of the regression equation (BTL-R) and 
the lower ﬁ ducial ranges of individual specimens 
(BTL-I) should be taken into consideration with ref-
erence to the conﬁ dence and ﬁ ducial ranges of the 
regression equations (Fig.  1A,  B and C).  The y 
value of the lower ﬁ ducial range of individual speci-
mens (BTL-I) was ﬁ rst reported by Ogata in 1984. 
In 1986 we described the indicators BTL-I and 
BTL-R [6] and in 1987 Ghittori et al.  described the 
indicator BTL-R [11].  The indicators BTL-I and 
BTL-R are available for the biomarker levels corre-
sponding TLV,  referred to ranges of regression 
lines.  When the mean concentration of the biomark-
ers (BT) is diﬀ erent from their biological exposure 
indices (BEI),  BEI is inserted into the regression 
line and its lower conﬁ dence and ﬁ ducial values of 
regression line will be useful as approximate values 
in the case of evaluation using BEI. The deﬁ nitions 
of indicators are listed in Table 2.
　　Newly devised equation for calculating con-
centrations of toluene in air that can discrimi-
nate between exposure and non-exposure (DEC-I 
or DEC-R) and between TLV exposure and 
non-TLV (DTL-I and DTL-R) exposure based 
on the urinary excretions in workers exposed 
to toluene.  The devised equations were described 
in detail in Appendix A and B.  Explanations of the 
abbreviations used in this study were provided in the 
beginning of Appendix.  Examples of the order of cal-
culation were given in Appendix C.
　　In Appendix A,  formulas for determining the dis-
criminant exposure concentration of DEC-I(xDI),  and 
DEC-R(xDR),  and in Appendix B,  general formulas 
for calculating DEC-I(xDI),  DEC-R(xDR),  D-DEC-
I(xDIILV) and DTL-I(xDITLV) were described.  Principals 
of equations referred to Fig.  1A,  B and C are fol-
lowing.
　　The formulas used to calculate DEC-I,  DEC-R, 
BTL-I,  BTL-R were derived as follows.  Toluene in 
air was used as a representative solvent and hippuric 
acid or toluene in urine were used as representative 
biomarkers as shown in (Fig.  1 A,  B and C).
　　The concentration that discriminates between 
exposure and non-exposure was then calculated.  The 
principles applied to the calculation of discriminant 
concentration are as follows.
　　In Fig.  2,  x represents the exposure concentra-
tions of industrial chemicals,  and y is the concentra-
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tion of biomarkers derived from industrial chemicals.
　　1) The principals of calculation of DEC-I and 
DEC-R (x1 → x2) :
　　(1) Calculation of DEC-I.
　　From the ﬁ gure containing the regression line and 
its ﬁ ducial lines,  the following formulas is devised 
with.
　　①{the upper ﬁ ducial line of regression line (y 
value) at x ＝ 0 } is equal to
　　②{the lower ﬁ ducial line (y value) at x ＝ DEC-I}.
　　This leads to the following equation : 
　　①{(the y value at x ＝ 0) plus (ﬁ ducial range at 
x ＝ 0)} is equal to
　　②{(the y value of regression equation at 
x ＝ DEC-I minus (ﬁ ducial range at x ＝ DEC-I}
　　(2) Calculation of DEC-R.
　　In the formula of the regression equation and its 
conﬁ dence and ﬁ ducial ranges,  the formula of conﬁ -
dence ranges was used instead of the formula of ﬁ du-
cial ranges used to calculating DEC-I,  and then the 
formula estimating DEC-R was estimated.
　　2) Calculation of DTL-I and DTL-R :  We next 
calculated the concentrations of solvents capable of 
discriminating between TLV-exposure and non-TLV 
exposure at the ﬁ xed level of error in the lower 
TLV level.
　　Theory for calculation of discriminate concentra-
tion for TLV exposure (DTL-I and DTL-R) were 
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Table 2　　Relationship among the indicators
Objects of Discrimination.
Conﬁ dence range 
of population 
regression line (-R).
Fiducial range for 
prediction of new 
individuals (-I).
†Exposure or Non-exposure. DEC-R. DEC-I.
TLV-exposure or NonTLV-exposure in lower TLV conc. DTL-R DTL-I
Available range. DEC-R～DTL-R. ＊
DEC or non-DEC D-DEC-R (ne). D-DEC-I
(ne) not examined.  ＊DEC-I～DTL-I was a negative value in the present cases.  †DECMN-I : mean of the normal value from the non-
exposed group (Fig. 1A) is inserted into the regression line and its x value (xDN)1) is obtained.  Symbol x ＝ xDN was used instead of 
x ＝ DEC-I x value (xDN) in the method for calculating D-DEC-I from DEC-I (Fig. 1B) with ﬁ ducial lines,  and then DECMN-I2) was obtained. 
Similarly,  DECMN-R is obtained using conﬁ dence lines.
1) The exposure concentration corresponding to MN was expressed as xDN and obtained by formula of xDN = (MN-b) / a,  which was 
calculated from regression equation y = ax + b between the concentrations of solvent (x) and of its biomarkers (y).  The mean was used 
as a stable indicator.  2) For determining DECMN-I using Fig. 2,  the method from x1 (xDN) to x2 (DECMN) by way of x1 → y1 → [x1 → x2] 
→ y2 → x2 was appled.  And levels between xDN and DECMN can be estimated xDN exposure from biomarkers at ﬁ xed level of error.  The 
approximate value of DECMN-I was DEC + xDN (or DEC-xDN,  in MN < b) when xDN value was not so high (see DECMN-I in Results.  4. 
D-DEC-I).
Concentrations of Industrial Chemicals in Air
C
on
ce
nt
ra
tio
ns
 o
f B
io
m
ar
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y2y1
x1 x2
Fig. 2　　Graphic explanation of the representative equation (4’) 
in the Appendix B : One example of a regression line and 
conﬁ dence or ﬁ ducial lines between concentrations of industrial 
chemicals in air and concentrations of biomarkers.  The value of y1 
on the left side of the equation is expressed by the equation 
y1 ＝ regression equation ＋ conﬁ dence (or ﬁ ducial) range,  and the 
value of y2 on the right side of the equation is expressed by the 
equation y2 ＝ regression equation-conﬁ dence (or ﬁ ducial) range. 
The value of y1 is equal to the value of y2 ; therefore,  Equation (4’) 
can be written as follows ; 
 âx1 ＋ b̂ ＋ tn－2(ｸ)ｺ(x1) ＝âx2 ＋ b̂ － tn－2(ｸ)ｺ(x2) (4’)　
Equation (4’) in the item of Appendix can be used in the cases 
from x1 to x2 and from x2 to x1.
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shown in Fig.  1A,  B and C (x2 → x1).
　　In the ﬁ gures,  
　　x ＝ exposure concentration of solvents ; 
　　y ＝ concentration of biomarkers derived from sol-
vents.
　　(1) Calculation of DTL-I.
　　In the ﬁ gure of the regression line and its ﬁ ducial 
lines,  following formulas is recognized.
　　①{the lower ﬁ ducial line of regression line (y 
value) at x ＝ TLV } is equal to
　　②{the upper ﬁ ducial line (y value) at x ＝ DTL-I.}.
　　Then following equation is recognized.
　　①{(the y value in regression equation at 
x ＝ TLV) minus (ﬁ ducial range at x ＝ TLV)} is 
equal to
　　②{(the y value of regression equation at 
x ＝ DTL-I) plus (ﬁ ducial range at x ＝ DTL-I)}
　　(2) Calculation of DTL-R
　　In the formula of regression equation and its con-
ﬁ dence and ﬁ ducial ranges,  the formula of conﬁ dence 
ranges were used instead of the equation of ﬁ ducial 
ranges for DTL-I,  and then the formulas estimating 
DTL-R was obtained.
Discussion
　　In order to reverse-estimate of the exposure con-
centration from the biomarker concentration,  the 
presence of individual diﬀ erences must be consid-
ered.
　　In this study,  several indicators based on personal 
diﬀ erences have been improved for the application of 
reverse estimation to biological monitoring.
　　Selection of an appropriate evaluation method is 
necessary for the biological monitoring of workers 
exposed to industrial chemicals such as solvents.
　　The indicator DEC-I is useful for the evaluation 
of biomarkers of industrial chemicals found in indi-
vidual specimens,  because DEC-I was calculated 
from ﬁ ducial line which was used to predict new 
specimens with an x axis of known value.  Thus 
DEC-I was used as the concentration of solvents and 
other industrial chemicals in the air with the ability 
to discriminate between exposure and non-exposure 
at a ﬁ xed level of error.
　　In addition,  conﬁ dence bands deﬁ ne a region 
within which the population regression lines lie. 
Then we use DEC-R as indicators focused on the 
range of the regression line at a given level of error. 
In the present study,  we obtained accurate DEC-I or 
DEC-R estimates by using a quadratic equation 
involving ﬁ ducial or conﬁ dence ranges of equation at 
ﬁ xed error.
　　In the previous method [1 - 4],  discriminant expo-
sure concentrations under at any level of error,  ﬁ du-
cial lines of a regression equation at any level of 
error were depicted and then the discriminant con-
centration was measured by a scale using the regres-
sion line and its ﬁ ducial lines.
　　The present method also simpliﬁ ed the previous 
method for determining the discriminant concentra-
tions by equations at any level of discriminant errors, 
without depicting ﬁ ducial lines as in the previous 
method.  The method also gave a more accurate 
result than the previous one.
　　In the present experiment,  the new indicators 
DTL-I and DTL-R were studied for their potential 
use in estimating TLV exposure from the concentra-
tions of biomarkers.  The discriminant exposure con-
centrations for TLV exposure and non-TLV expo-
sure in lower TLV level (DTL-I) referred to 
individual specimens at any levels of errors and 
DTL-R was referred to the region of population 
regression.  The results indicating that range of 
regression equation or individual specimens should 
be taken into consideration estimating TLV exposure 
from the concentrations of biomarkers.
　　The discriminant exposure concentrations and the 
ratios of these concentrations to the TLV (DEC-I /
TLV or DEC-R/TLV) should serve as excellent 
indicators for the selection of appropriate method on 
measuring the biomarkers in the biological specimens 
from workers exposed to solvents that have diﬀ erent 
TLV concentrations in the case of biological moni-
toring.
　　It should be noted that the regression equation 
and its ﬁ ducial ranges used in this study were gener-
ally applied by using the least square method as 
described by Snedecor [5].  This method can be used 
for either small or large number of cases,  as 
reported previously [1 - 4].
　　It has been reported that the value of standard 
deviation tend to increase with the increase in mean 
value of biomarker concentration in a group of work-
ers when workers are classiﬁ ed into the several 
groups by the levels of exposure concentrations [6]. 
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In these cases,  group mean (average) method of 
Weisbrote [7] could be useful,  though it requires a 
relatively large number of workers.  In the case of 
method of Weisbrot [7],  workers were classiﬁ ed 
into several groups based on the concentration of tol-
uene to which they were exposed and the concentra-
tions of toluene metabolites and the concentration of 
toluene in urine.  In each group the mean value,  the 
conﬁ dence limit of mean and rejection limit of the 
individual samples were calculated.  Then a regres-
sion equation between the solvent concentration and 
the mean value of urinary biomarkers in each group, 
that between the solvent concentration and the conﬁ -
dence ranges of excretions in group and that between 
solvent concentration and the rejection limits of bio-
markers in group were calculated by the least square 
method [7].  In these cases,  the indicators (DECG-I, 
DECG-R,  DTLG-I and DTLG-R) can be calculated 
using each regression equation without measuring 
indicators from regression line by means of a scale. 
For example,  in the case of the reference [6],  the 
regression equation between toluene concentration (x) 
and upper rejection limit of hippuric acid concentra-
tion (y) in the groups was y ＝ aU ＋ bUx, 
(y ＝ 0.66 ＋ 0.021x) and that of between the toluene 
concentration and the lower rejection limit of hippu-
ric acid in the groups was y ＝ aL ＋ bLx,  (y ＝ －
0.24 ＋ 0.0199x).  Then au＝aL＋bLxDG,  xDG＝
(aU － al)/bL and xDG (DECG-I) indicated DEC-I was 
calculated by group mean method [7].  Using equa-
tion of xDG ＝ (0.66 ＋ 0.24)/0.0199,  the value of 
xDG ＝ 45.2 ppm was obtained by the use of rejection 
lines.  In the case using conﬁ dence lines instead of 
rejection lines,  DECG-R can be obtained.
　　The urinary hippuric acid concentration corrected 
by speciﬁ c gravity of 1.024 for 50 ppm toluene alone 
is 1.34 g/l in the present report,  which is less than 
1.6 g/l of hippuric acid as described previously [8].
　　Toluene concentration in the urine of workers 
who were exposed to 50 ppm of toluene was 124.6 ｻ
g/L in the mixed exposure trial in this study,  which 
is a little higher than the value of 110 ｻg/L by 
Ghittori et al. [11].  These ﬁ ndings suggest no pro-
nounced eﬀ ect was observed by either single or 
mixed exposure.
　　In the present study,  the urinary hippuric acid 
concentration for 50 ppm toluene exposure was calcu-
lated to be 1.57 g/g creatinine from a regression 
equation between toluene concentration in mixed sol-
vent and hippuric acid concentration in urine.  The 
value was a little higher level of 1.4 g/g creatinine of 
hippuric acid for 50 ppm toluene in the previous 
report [2] and slightly higher than the level of hip-
puric acid (1.5 g/g creatinine) calculated from the 
regression equation report by De Rosa et al. [12]. 
The biological exposure indices (BEI) for hippuric 
acid for 50 ppm of toluene of TLV documented by 
the American Conference of Industrial Hygienists 
(ACGIH) is 1.6 g/g creatinine and this value included 
the notation having background levels and nonspeciﬁ c 
(10).  The value of the hippuric acid in the present 
study was similar to the values reported by other 
scientists,  which belongs to the distribution land 2 in 
the legal biological monitoring.
　　In the biological monitoring of mixed exposure, 
an additive eﬀ ect has been expected in the lower lev-
els of exposure to solvents such as central nerve sys-
tem depressants [13],  and our results in concentra-
tion of toluene excretions from workers exposed to 
toluene in mixed solvents were not substantially dif-
ferent compared to the intensity of excretions of 
workers exposed to toluene alone.
　　Mixed solvents used in this study were composed 
of toluene,  isopropyl alcohol,  and methyl ethyl 
ketone.  Other solvents than toluene in the mixture 
will be described in a future report.
　　The threshold limit value (TLV) of toluene docu-
mented by ACGIH was changed from 100 ppm to 
50 ppm in 1992ﾝ1993,  and that by the Japan Society 
for Occupational Health was changed from 100 ppm 
to 50 ppm in 1994.  The TLVs were based on per-
sonal exposure and the legal administered concentra-
tions in the air of workplaces were then changed to 
50 ppm.
　　More detailed evaluations of biological monitoring 
will be needed in the near future.
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Appendix
Explanation of abbreviations
(xi,  yi) : sample data
x : mean of x
y : mean of y
Sxx : sum of squares of deviations of x
Sxy : sum of products of deviations of x and y
Syy : sum of squares of deviations of y
y ＝ ax ＋ b : regression line
tn－2(ｸ) :  critical value for t statistic at level ｸ with (n － 2) 
degrees of freedom.
Ve : sample standard deviation of regression line
rI(x) : standard error of observation y
rR(x) : standard error of mean observation y
A. Formula of determining the discriminant exposure con-
centration on the abscissa xDI.  Based on the sample data 
of (xi,  yi) for i ＝ 1,  2,  Λ,  n,  the regression equation can 
be written as follows : 
y ＝ âx ＋ b̂
where
x¯ ＝ 1n i=1
n
xi,  y¯ ＝ 
1
n i=1
n
yi
Sxx＝
i=1
n
(xi － x¯)2,  Sxy＝
i=1
n
(xi － x¯) (yi － y¯),  Syy＝
i=1
n
(yi － y¯)2
â ＝ SxySxx
,  b̂ ＝ ŷ － âx¯.
　　If the 100ｸｵ point in t － distribution with df n－2 is tn－
2(ｸ),  then the ﬁ ducial interval of 100 (1 － ｸ)ｵ of y that cor-
responds to an arbitrary given value x0 is
âx0 ＋ b̂ ± tn－2(ｸ)rI(x0),
where the function of rI(x) as follows : 
rI(x) ＝ {1＋ 1n  ＋ (x－x̂)
2
Sxx }Ve ,
 Ve ＝ (Syy － Sxy2/Sxx)/(n － 2), (1)
and the conﬁ dence interval of 100(1 － ｸ)ｵ of y that corre-
sponds to an arbitrary given value x0 is
âx0 ＋ b̂ ± tn－2(ｸ)rR(x0),
where the function rR(x) is deﬁ ned by
 rR(x) ＝ { 1n  ＋ (x－x̂)
2
Sxx }Ve . (2)
　　The discriminant exposure concentration on the abscess 
xDI is calculated under the condition that the upper limit of 
the ﬁ ducial range of the regression equation at x0 ＝ 0 is coin-
cident with the lower limit of the ﬁ ducial range of xDI at ｸｵ 
of the error.
　　The equation can then be written as follows.
(âx0 ＋ b̂)x0＝0＋ tn－2(ｸ)rI(0) ＝ (âx0 ＋ b̂)x0＝xDI－ tn－2(ｸ)rI(xDI)
　　After subtracting b̂ from both side formulas from the 
formulas on both sides of the above equation,  both formulas 
are squared.  Considering xDI is not equal to zero,  the follow-
ing expression for xDI is obtained : 
 xDI ＝ 2･
ârI(0)tn－2(ｸ) － x¯tn－2(ｸ)2Ve/Sxx
â2 － tn－2(ｸ)2Ve/Sxx . (3)
　　Formula of discriminant exposure concentration from 
the regression equation and its conﬁ dence ranges of the 
abscess xDR .
　　In the equation (2),  using rR(x) deﬁ ned by (4) instead of 
rI(x),  the abscess xDR is given by
 xDR ＝ 2･
ârR(0)tn－2(ｸ) － x¯tn－2(ｸ)2Ve/Sxx
â2 － tn－2(ｸ)2Ve/Sxx
. (4)
B.  General formula for xDI and xDR
　　The condition that the upper limit of ﬁ ducial (or conﬁ -
dence) range of the regression equation at x1 is coincident 
with the lower limit of ﬁ ducial (or conﬁ dence) range at x2,  is
 âx1 ＋ b̂ ＋ tn－2(ｸ)r(x1) ＝ âx2 ＋ b̂ － tn－2(ｸ)r(x2), (4)’
where the function r(x) is given by rI(x) for the ﬁ ducial range 
and given by rR(x) for the conﬁ dence range.
　　The above equation is reduced to
 â(x2 － x1) － tn－2(ｸ)r(x1) ＝ tn－2(ｸ)r(x2), (5)
and also reduced to
 â(x1 － x2) ＋ tn－2(ｸ)r(x2) ＝ － tn－2(ｸ)r(x1), (6)
Squaring both sides of equation (5) and considering that x1 is 
not equal to x2,  the expression for x2 with x1 is obtained as 
follows : 
x2＝
2(âtn－2(ｸ)r(x1)－x¯tn－2(ｸ)2Ve/Sxx)＋(â2＋tn－2(ｸ)2Ve/Sxx)x1
â2 － tn－2(ｸ)2Ve/Sxx
.
 (7)
　　Similarly,  from equation (6),  the expression for x1 with 
x2 is obtained as follows : These relations are held for both 
the case r(x) ＝ rI(x) and the case r(x) ＝ rR(x).
x1 ＝ 
2(âtn－2(ｸ)r(x2)＋x¯tn－2(ｸ)2Ve/Sxx)＋(â2＋tn－2(ｸ)2Ve/Sxx)x2
tn－2(ｸ)2Ve/Sxx － â2 .
 (8)
Application
1) In the equation (7),  in the case of x1 ＝ 0 and x2 ＝ xDI for 
r(x) ＝ rI(x) the equation (3) is obtained again.
2) In the equation (7),  in the case of x1 ＝ 0 and x2 ＝ xDR for 
r(x) ＝ rR(x) the equation (4) is obtained again.
3) In the equation (7),  in the case of x1 ＝ xDI and x2 ＝ xDIILV 
for r(x) ＝ rI(x) the following relation is derived.
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　xDIILV ＝
　2(âtn－2(ｸ)r1(xDI)－x¯tn－2(ｸ)
2Ve/Sxx)＋(â2＋tn－2(ｸ)2Ve/Sxx)xDI
â2 － tn－2(ｸ)2Ve/Sxx
 (9)
4) In the equation (8),  in the case of x2 ＝ xTLV and x1 ＝ xDITLV 
for r(x) ＝ rI(x),  the following relation is derived.
　xDITLV ＝
　2(âtn－2(ｸ)r1(xTLV)＋x¯tn－2(ｸ)
2Ve/Sxx)－(â2＋tn－2(ｸ)2Ve/Sxx)xTLV
tn－2(ｸ)2Ve/Sxx － â2
 (10)
C.  Examples of the order of calculation
　　1) The example of calculation of DEC-I (xDI) from the 
regression line and its ﬁ ducial lines of individuals (ｸ ＝ 0.1) 
between the toluene concentration in air and toluene concen-
tration in urine (Fig.  1B) using equation (3) in Appendix is 
demonstrated as follows.  The values of factors in equation (3) 
of Fig.  1B are given as a ＝ 2.63,  rI(0) ＝ 22 calculated, 
tn－2(0.1) ＝ 1.782,  x¯ = 33.54,  Ve ＝ 389.9,  Sxx ＝ 6601.
　　Then xDI was calculated as follows : 
xDI :  2x (2 .63 ×  22 .0  ×  1 .782 －  33 .54 ×  1 .7822 × 
389.9/6601)/(2.632 － 1.7822 × 389.9/6601) ＝ 28.8 
(ppm) is obtained
　　2) The example of calculation of DEC-R (xDR) from the 
regression line and its conﬁ dence lines in the case of (Fig. 
1B) using equation (4) in appendix A is as follows ; 
　　The value of the factor of rI(0) ＝ 22 in equation (3) is 
replaced by rR(0) ＝ 9.69 in equation (3).  Then,
xDI :  2x (2 .63 ×  9 .69 ×  1 .782 －  33 .54 ×  1 .7822 × 
389.9/6601)/(2.632 － 1.7822 × 389.9/6601) ＝ 11.6 
(ppm) is obtained.
References
 1. Ogata M : Estimation of solvent concentrations in ambient air from 
urinary metabolite levels of workers exposed to solvents.  Ind 
Health (1984) 22 : 319ﾝ324.
 2. Ogata M,  Taguchi T and Horike T : Evaluation of exposure to sol-
vents from their urinary excretion in workers coexposed to toluene, 
xylene,  and methyl isobutyl ketone.  Appl Occup Environ Hyg 
(1995) 10 : 913ﾝ920.
 3. Ogata M,  Yamasaki Y and Kawai T : Signiﬁ cance of urinary phenyl 
sulfate and phenyl glucuronide as indices of exposure to phenol. 
Int Arch Occup Environ Health (1986) 58 : 197ﾝ202.
 4. Michitsuji H,  Fujiki Y and Ogata M : Biological exposure indicators 
for low exposure to toluene,  Kawasaki J Med Welfare (1997) 3 : 1
ﾝ18.
 5. Snedecor GW and Cochran WG : Regression ; in Statistical meth-
ods.  Snedocor GW and Cochran WG eds,  7 th Ed,  The Iowa 
State University Press,  Ames,  Iowa (1980) pp 149ﾝ174.
 6. Ogata M and Taguchi T : Quantitative analysis of urinary glycine 
conjugates by high performance liquid chromatography ; excretion 
of hippuric acid and methyl hippuric acid in the urine of subjects 
exposed to vapours of toluene and xylene.  Int Arch Occup Environ 
Health (1986) 58 ; 121ﾝ129 .
 7. Weisbrot IM : Linear regression ; in clinical laboratory statistics. 
Barnett RN ed,  2 nd Ed,  Little Brown Company,  Boston (1979) pp 
45ﾝ60.
 8. Ogata M and Taguchi T : Simultaneous determination of urinary 
creatinine and metabolites of toluene,  xylene,  styrene,  ethyl ben-
zene and phenol by automated high performance liquid chromatog-
raphy.  Int Arch Occup Environ Health (1988) 61 : 131ﾝ140.
 9. The Japan Society for Occupational Health ; Toluene in 
Documentation of the proposed reasons for provisional recommen-
dation of Occupational Exposure Limits.  Sangyo Igaku (Jpn J Ind 
Health) (1994) 36 : 267ﾝ273 (in Japanese).
10. TLV chemical substances committee in American Conference of 
Governmental Industrial Hygienist ; 2005 Threshold Limit Values 
for Chemical Substances in Work Environment in Threshold Limit 
Values of and Biological Exposure Indices,  adopted value. 
Committees in ACGIH ed,  ACGIH,  Ohio (2005) pp 1ﾝ60.
11. Ghittori S,  Imbriani M,  Pezzagno G and Capodaglio E : The uri-
nary concentration of solvents as a biological indicator of exposure, 
proposal for the biological exposure limit of nine solvents.  Am Ind 
Hyg Assoc J (1987) 48 : 786ﾝ790.
12. De Rosa E,  Bartolucci GB,  Sigon M,  Callegaro R,  Perbellini L 
and Brugnone F : Hippuric acid and ortho-cresol as biological indi-
cators of occupational exposure to toluene.  Am J Ind Med (1987) 
11 : 529ﾝ537.
13. Vera Fiserova-Bergerova and Jaroslav Mraz : Biological monitoring 
of exposure to industrial chemicals ; in Patty’s Industrial Hygiene, 
Volume 3,  Harris RL ed,  5 th Ed,  Jhon Willy & Sons,  Inc.  New 
York (2000) pp 2001ﾝ2045.
343Biological Indicators of Solvent ExposureDecember 2006
13
Ogata et al.: Equation for Calculating the Concentration of Solvent in Air
Produced by The Berkeley Electronic Press, 2006
